It has recently been postulated that GaN high electron mobility transistors under high voltage stress degrade as a result of defect formation induced by excessive mechanical stress that is introduced through the inverse piezoelectric effect. This mechanism is characterized by a critical voltage beyond which irreversible degradation takes place. We have built a firstorder model for the critical voltage for degradation of GaN HEMTs. In our model, electrical degradation occurs when the elastic energy stored in the AlGaN barrier exceeds a critical value. When using estimations of this critical elastic energy that come from epitaxial studies of strain relaxation in AlGaN/GaN heterostructures, our proposed model yields predictions for the critical voltage that match experimental observations.
Introduction
The reliability of GaN high electron mobility transistors (HEMTs) has been recently improving. Still, these devices suffer from various degradation mechanisms that hamper their widespread deployment. Under high voltage, it has been postulated that crystallographic defect formation introduced by excessive mechanical stress through the inverse piezoelectric effect constitutes a major failure mechanism [1] [2] [3] . In this hypothesis, defect formation occurs in the AlGaN barrier in the vicinity of the gate edge where the electric field across the AlGaN is the highest. XTEM analysis has confirmed the formation of prominent defects after high voltage stress [4] [5] . The onset of this mechanism is marked by a critical voltage, V crit , beyond which serious degradation takes place [3] . This critical behavior has been observed in experiments where, at a certain voltage, a sudden and irreversible rise in gate current takes place accompanied by a sharp increase in trap density [1, 3] . In order to improve reliability, it is important to understand and model this degradation process so that devices can be designed with adequate values of the critical voltage. In this paper, we present a simple model for the critical voltage for electrical degradation of GaN HEMTs. Our model yields values for V crit that are consistent with experiments.
Model
Our model is based on the calculation of elastic energy stored in the AlGaN layer of a GaN HEMT and its modification under an electric field through the inverse piezoelectric effect. The electrostatics of the device are solved through a 2D device simulator. Using the electric field distribution that results from this, an analytical formulation is used to compute the local strain and stress at all points in the device structure. From this, we can compute the stored elastic energy density at all points in the device heterostructure. The critical voltage is the bias condition that yields a critical areal elastic energy density in the AlGaN.
To illustrate the model, we have studied an AlGaN/GaN HEMT with 16 nm thick Al x Ga 1-x N with x=0.28, which is a close match to our experimental devices [3] . We first study the impact of a uniform electric field through the AlGaN on stress, strain, and elastic energy by solving the inverse piezoelectric effect constitutive equation [6] :
where T, S, and E are stress, strain, and electric field tensors/vectors, respectively. For proportionality constants, e is a third-rank piezoelectric coefficient tensor (superscript t denotes the inverse process or transpose in the matrix form) and c E is a fourth-ranked stiffness coefficient tensor for constant electric field. In this calculation, a pseudomorphic boundary condition is applied to planar strain, and a free surface is assumed for normal stress components [7] . As a result, in this model, the planar stress in the AlGaN is enhanced through the inverse piezoelectric effect due to the vertical component of the electric field. The vertical strain is reduced, but this does not directly affect the elastic energy since the top surface is free and the normal component of stress is zero. From the computation of stress and strain, the elastic energy per unit volume as a function of the vertical electric field is evaluated. This is shown in Fig. 1 . The material parameters used in this calculation are from [8] [9] .
Using this formulation, we compute the elastic energy stored in a GaN HEMT under electrical bias. The device structure that we simulate matches that used in our experiments [3] . The electrostatics at various bias points are first calculated through Silvaco Atlas. The 2D field distribution is the basis for computation of mechanical stress and stored elastic energy across the structure, as described above. Although a fully electromechanically coupled calculation of the stress, strain, and electric field is desirable [7, 10] , the discrepancy is found to be rather small [7] . By comparing the elastic energy density obtained from the calculated stress-strain conditions to the critical elastic energy derived from epitaxial growth studies [11], V crit can be derived.
A typical electric field distribution in the AlGaN layer for a bias characteristic of the onset of degradation in an OFF-state experiment [3] is shown in Fig. 2 . It can be seen that the vertical electric field significantly increases under the gate area and it peaks at the drain side of the gate corner. A smaller peak is present in the source side. From this, the elastic energy density at every point in the AlGaN is calculated and shown in Fig. 3 . As it can be seen, there is a prominent peak of elastic energy density at the drain side of the gate corner. Due to nonlinear relationship between electric field and elastic energy density, there is also a peak on the source side, but this is much smaller.
It is known that cracking and the appearance of misfit dis- Acknowledgement locations in a strained heterostructure are determined by the critical elastic energy per unit area [12] . We then integrate the volume elastic energy density along z direction to obtain an areal elastic energy density. In Fig. 4 , the areal elastic energy density profile in AlGaN at the same bias point as in Fig. 2 , as well as at zero bias, are shown as a function of location from source to drain. As shown in Fig. 5 , the peak elastic energy density at the gate edge on the drain side markedly increases from 0.31 J/m 2 with the device at rest to 0.46 J/m 2 with the device biased at the experimentally determined critical voltage for degradation. This work was funded by a DARPA program (Mark Rosker, program manager) under ARL contract #W911QX-05-C-0087 (Alfred Hung, COTR) and by a DRIFT MURI program under the Office of Naval Research Grant #N00014-08-1-0655 (Paul Maki and Harry Dietrich). We also acknowledge collaboration with TriQuint semiconductor and BAE Systems.
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